ClC-K channels belong to the CLC family of chloride channels and are predominantly expressed in the kidney. Genetic evidence suggests their involvement in transepithelial transport of chloride in distal nephron segments; ClC-K1 gene deletion leads to nephrogenic diabetes insipidus in mice, and mutations of the hClC-Kb gene cause Bartter's syndrome type III in humans. Expression of rClC-K1 in Xenopus oocytes yielded voltage-independent currents that were pH-sensitive, had a Br ؊ > NO 3 Ϫ ‫؍‬ Cl ؊ > I ؊ conductance sequence, and were activated by extracellular calcium. A glutamate for valine exchange at amino acid position 166 induced strong voltage dependence and altered the conductance sequence of ClC-K1. This demonstrates that rClC-K1 indeed functions as an anion channel. By contrast, we did not detect currents upon hClC-Kb expression in Xenopus oocytes. Using a chimeric approach, we defined a protein domain that, when replaced by that of rClC-K1, allowed the functional expression of a chimera consisting predominantly of hClC-Kb. Its currents were linear and were inhibited by extracellular acidification. Contrasting with rClC-K1, they displayed a Cl ؊ > Br
The closely related ClC-K proteins belong to the CLC family of chloride channels (1) . They are nearly exclusively expressed in the kidney. Two isoforms have been identified that were termed hClC-Ka and hClC-Kb in humans (2) and rClC-K1 and rClC-K2 in rats (the lowercase prefix indicates the species) (2-4). The high degree of identity (Ͼ90%) between the two human ClC-K isoforms makes a correlation with the corresponding mouse and rat counterparts difficult. ClC-K genes were also cloned from rabbit (ocClC-Ka) (5) and Xenopus (xClC-K) (6) . Whereas the expression of rClC-K1 protein may be confined to the ascending thin limb of Henle's loop (7), rClC-K2 appears to be expressed in several nephron segments. Depending on the antibodies used, several studies differ somewhat as to the localization to different nephron segments. A common finding, however, is the expression of rClC-K2 (and ocClC-Ka) at the basolateral side of the thick ascending limb and other more distally located nephron segments (8, 9) . Together with the ascending thin limb, these nephron segments are the main site of transcellular chloride reabsorption. They reabsorb about 30% of the chloride that is filtered at the glomeruli and thereby play an important role in the maintenance of body salt and fluid balance. The expression pattern suggests that ClC-K proteins are involved in transcellular chloride transport. This notion is strongly supported by two genetic findings. First, disruption of the CLCNK1 gene (coding for ClC-K1) in mice induces nephrogenic diabetes insipidus (10) . This is presumably due to a urinary concentration defect caused by a reduced medullary salt concentration. Second, mutations in the hClC-Kb gene (CLCNKB) are associated with Bartter's syndrome (11) . This autosomal recessive salt-wasting disorder is characterized by a reduced sodium chloride reabsorption in the thick ascending limb. This puts hClC-Kb into a functional relationship with the apical NaK2Cl cotransporter and with the ROMK potassium channel, whose inactivation causes other variants of Bartter's syndrome (12, 13) . These findings are compatible with a transport model in which chloride is taken up apically by the cotransporter (the potassium is recycled over the apical membrane by ROMK) and then leaves the cell at the basolateral membrane via hClC-Kb channels.
The different phenotypes observed upon mutations in mClC-K1 and hClC-Kb may indicate that mClC-K1 is the homologue of hClC-Ka rather than of hClC-Kb. Both phenotypes may be explained by a loss of plasma membrane chloride transport. However, heterologous expression of ClC-K proteins yielded controversial results. Uchida et al. reported that expression of rat ClC-K1 in Xenopus oocytes induced outwardly rectifying chloride currents that resembled those observed in the ascending thin limb (7) . These currents are inhibited by acidic extracellular pH or by reducing the extracellular calcium concentration, and have an anion conductivity sequence of Br
. Although initially we could not reproduce these results (2) , with an optimized vector we now succeeded in expressing rClC-K1 with similar properties. However, with the same expression vector we could not detect currents upon expression of rClC-K2, hClC-Ka, and hClC-Kb. This is in contrast to findings from Adachi et al., who reported currents with kinetics similar to rClC-K1 after expression of rClC-K2 (4). However, they observed identical currents with a rClC-K2 splice variant that completely lacked the second transmembrane domain (4) . This could argue for the induction of an anion conductance endogenous to Xenopus oocytes. We performed the present study with two major aims. First, we aimed to prove that rClC-K1 functions as a plasma membrane chloride channel by inserting a point mutation that changes its intrinsic channel properties. Second, by constructing chimeras between these highly related proteins, we wanted to find out which protein regions are necessary for functional expression in Xe-nopus oocytes. We generated a chimeric channel that consisted largely of hClC-Kb and showed interesting differences in channel properties. Insertion of CLCNKB mutations found in human Bartter's syndrome abolished or strongly reduced these currents. This suggests that Bartter's syndrome III is due to the loss of a chloride current with characteristics that differ from those of ClC-K1 currents.
EXPERIMENTAL PROCEDURES
ClC-K Constructs-rClC-K1 and rClC-K2 as well as hClC-Ka and hClC-Kb (2) were cloned into pTLN (14) , a vector that contains Xenopus globin untranslated sequences and is optimized for protein expression in Xenopus oocytes. Single point mutations were introduced by recombinant polymerase chain reaction. To construct chimeras between hClC-Kb and rClC-K1, rClC-K1 cDNA segments were amplified with chimeric oligonucleotides that contained terminal overhangs corresponding to the respective hClC-Kb sequences. Two flanking hClC-Kb sequences were amplified in separate reactions. These three amplification products were joined by a single recombinant polymerase chain reaction, digested with appropriate restriction endonucleases, and ligated into the cut hClC-Kb/pTLN construct. All polymerase chain reaction-derived fragments were entirely sequenced.
Expression in Xenopus laevis Oocytes and Voltage Clamp Analysis-SP6 polymerase (mMessage mMachine kit; Ambion) was used for in vitro transcription of capped cRNA after linearization of the constructs with MluI. 10 ng of cRNA was injected in defolliculated oocytes. Oocytes were kept at 17°C in ND96 solution containing 96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES (pH 7.4), and gentamycin (20 g/ml). 2-3 days after injection, two-electrode voltage clamp measurements were performed at room temperature with a Turbotec 05 amplifier (NPI Instruments) and pClamp 5.5 software (Axon Instruments). Currents were recorded in ND96 solution (without gentamycin). For anion replacement experiments, 80 mM chloride was substituted by equivalent amounts of bromide, iodide, or nitrate. Anion permeability ratios were calculated using the modified Goldmann equation,
where E1 and E2 correspond to the reversal potentials (in volts) before and after substitution of 80 mM chloride by the indicated anions, respectively. The relative anion conductance sequences were determined from the current amplitudes at ϩ60 mV in the presence of ND96 or after replacement of 80 mM chloride by the respective anions. Statistic values are presented as mean Ϯ S.E. (n represents the number of experiments). When using different pH values, 5 mM HEPES (for pH 7.0 and 7.5) was replaced by 5 mM MES 1 (for pH 5.0 -6.5) or 5 mM TRIS (pH 8.0). Extracellular divalent cation concentration was varied by adding calcium acetate or magnesium acetate to the ND96 solution.
Surface Biotinylation and Western Blot Analysis-A membrane-impermeable NH 2 -reactive biotin ester (sulfo-N-hydroxysuccinimide-LCbiotin; Pierce) was used to label plasma membrane proteins of Xenopus oocytes expressing ClC-K constructs. Oocytes were incubated for 10 min at room temperature in ND96 with a 0.5 mg/ml concentration of the biotin ester. After several washes in ice-cold ND96, the cells were homogenized in lysis buffer containing 150 mM NaCl, 20 mM Tris (pH 7.6), 1% Triton X-100, and a protease inhibitor mixture (Complete; Roche Molecular Biochemicals). Insoluble material was separated by centrifugation, and the clear supernatant was precipitated with streptavidin beads (Pierce). The precipitate was separated on a 10% SDS-polyacrylamide gel. For Western blot analysis, we used a rat monoclonal antibody (3F10; 200 ng/ml; Roche Molecular Biochemicals) directed against an HA epitope we had added to the amino terminus of the ClC-K constructs. Primary and secondary (horseradish peroxidaseconjugated goat anti-rat IgG, 1:10,000) antibodies were diluted in TBS (150 mM NaCl, 25 mM Tris, pH 7.4) containing 5% nonfat milk powder and 0.1% Tween 20. Reacting proteins were detected with the Renaissance reagent (NEN Life Science Products) and photographic film (Eastman Kodak Co.).
RESULTS
We cloned the rClC-K1 cDNA into an optimized expression vector containing the 5Ј-and 3Ј-untranslated regions of the Xenopus ␤-globin gene. Two to three days after injecting cRNA derived from this construct into Xenopus oocytes, two-electrode voltage clamp measurements revealed nearly instantaneous, slightly outwardly rectifying currents. They showed some timedependent gating at voltages more positive than ϩ40 mV or more negative than Ϫ100 mV (Fig. 1A) . Partial replacement of extracellular chloride by other anions indicated a Br (Table I ). The current amplitude increased upon extracellular alkalinization to pH 8.0 and strongly decreased when the extracellular pH was reduced from pH 7.5 to pH 6.5 (Fig. 1C) . These properties were similar to those previously reported by Uchida et al. (7) . Again similar to that study, current amplitudes were rather low (ϳ1 A at ϩ60 mV) and thus difficult to discriminate from endogenous oocyte chloride currents. Although these endogenous currents display an I Ϫ Ͼ Cl Ϫ conductance and are not sensitive to ambient pH changes, we sought more definitive evidence that the current seen upon rClC-K1 expression is directly due to the heterologously expressed protein.
Since rClC-K1-induced currents decreased upon removal of 1 The abbreviation used is: MES, 4-morpholineethanesulfonic acid.
FIG. 1. Functional expression of rClC-K1 in Xenopus oocytes.
A, current traces of wild type rClC-K1. Currents were measured in ND96 with the voltage clamp protocol indicated in E. B, I-V relationships of rClC-K1 currents. 80 mM extracellular chloride was substituted by the indicated anions (n ϭ 10). rClC-K1-induced currents are shown at different extracellular pH values (n ϭ 7) (C) and calcium concentrations (indicated in mM; n ϭ 7) (D). E, current traces of rClC-K1(V166E) measured in ND96. F, amplitude of rClC-K1(V166E) tail currents measured at ϩ60 mV and statistical analysis of maximal tail current amplitudes (n ϭ 5). G, I-V relationships of rClC-K1(V166E)-induced currents at different extracellular pH values (n ϭ 7) and calcium concentrations (n ϭ 5) (H). extracellular calcium (7), we investigated whether we could increase currents by raising the extracellular concentration of divalent cations. Whereas the addition of 5 mM magnesium or barium had no appreciable effect (data not shown), the elevation of extracellular calcium concentration from 1 to 5 mM increased current amplitudes nearly 4-fold (Fig. 1D ). This increase occurred immediately after bath fluid exchange and was rapidly reversible upon wash-out. This points to an extracellular effect of calcium. The anion conductance sequence and the pH sensitivity of rClC-K1 currents were not affected by this maneuver (data not shown). This effect clearly distinguished rClC-K1 currents from endogenous oocyte currents particularly as elevation of extracellular calcium concentration to 5 mM failed to induce an anion conductance in uninjected oocytes or oocytes injected with cRNAs derived from hClC-Kb, hClC-Ka, or rClC-K2 (data not shown).
To show more directly that rClC-K1 functions as a chloride channel, we sought to change key biophysical properties (like ion selectivity or gating) by a point mutation. Mutations in a highly conserved motif (GKEGP) at the end of the third transmembrane domain (D3) are known to change gating and pore properties of several CLC channels (15) (16) (17) (18) . Interestingly, the glutamate in this motif is exchanged for a hydrophobic amino acid (valine or leucine) in all known ClC-K proteins. We mutated this valine to glutamate in rClC-K1 (V166E) and thus converted this region to the GKEGP consensus sequence found in all other members of the CLC family. This mutation changed rClC-K1 gating drastically (Fig. 1E) . Instead of the rather voltage-independent gating of wild type rClC-K1, currents now activated slowly upon hyperpolarization. Additionally, measurements of tail currents in the presence of different anions revealed that the V166E mutation changed the anion conductance sequence from Br (Fig. 1F ). Similar to wild type currents, lowering extracellular pH decreased, and raising extracellular calcium concentration increased current amplitudes (Fig. 1, G and H). Niflumic acid (10 M) and anthracene-9-carboxylic acid (500 M) had no effect, whereas 4,4Ј-diisothiocyanostilbene-2,2Ј-disulfonic acid (500 M) completely blocked currents induced by both wild type ClC-K1 and ClC-K1(V166E) (data not shown).
Having demonstrated that rClC-K1 directly mediates anion currents, we expressed rClC-K2, hClC-Ka, and hClC-Kb in Xenopus oocytes, using the same efficient oocyte expression vector. In contrast to Adachi et al. (4) , who reported that rClC-K2 induced currents in Xenopus oocytes, we could not detect anion currents above background with any of these constructs. This is surprising, since they are roughly 90% identical to rClC-K1 ( Fig. 2A) . To identify protein regions that may be necessary for the functional expression of hClC-Kb, we replaced several regions of this protein with the corresponding stretches derived from rClC-K1. These constructs were named according to the sequential order of the individual components (from the N terminus to the C terminus). The region in parenthesis indicates the position where these were fused together. Thus, ClC-K1(D9)Kb denotes a chimera in which an aminoterminal rClC-K1 stretch is fused to a carboxyl-terminal hClC-Kb sequence within transmembrane domain D9 (according to the topology model published in Ref. 18 ). None of the chimeras in which amino-terminal portions of hClC-Kb were replaced with the corresponding rClC-K1 sequences induced chloride currents in Xenopus oocytes (up to transmembrane region D9 (ClC-K1(D3)Kb, ClC-K1(D6)Kb, ClC-K1(D9)Kb); data not shown). By contrast, when C-terminal parts of hClC-Kb were replaced by rClC-K1 segments, we detected two different types of currents depending on the extent of the replacement. As expected, when the major part of the chimeric channel consisted of rClC-K1 (constructs ClC-Kb(D3)K1 and ClC-Kb(D4)K1), currents resembled those of rClC-K1 (Fig. 2B) . This included the Br Ϫ Ͼ Cl Ϫ Ͼ I Ϫ conductance sequence and the residual voltage-dependent gating at positive voltages. Surprisingly, shifting the ClC-Kb/-K1 fusion point 43 amino acids further to the C terminus (ClC-Kb(D5)K1) yielded a new type of current (Fig. 2C) . The current amplitude increased about 10-fold, the conductance sequence was changed to Cl Ϫ Ͼ Br Ϫ Ͼ I Ϫ , and there was no obvious voltage-dependent gating even at rather positive voltages. As indicated in Table I , the permeability sequence of Cl Ϫ Ͼ Br Ϫ Ͼ NO 3 Ϫ Ն I Ϫ did not change. Similar currents were observed with a successive reduction of the rClC-K1 portion with constructs ClC-Kb(D6)K1, ClCKb(D7)K1, ClC-Kb(D8)K1, and ClC-Kb(D9)K1 (Fig. 2D) . However, current amplitudes gradually decreased in parallel to the replacement of rClC-K1 with hClC-Kb sequences (Fig. 2E) .
The drastic alteration in channel properties observed upon shifting the fusion point from the beginning of D4 to the beginning of D5 suggested an involvement of the D4 domain in determining anion conductivity properties and gating. To test whether the changes in channel properties are solely due to the exchange of the D4 domain, we engineered several rClC-K1 constructs in which D4 alone or together with adjacent protein regions were replaced with the corresponding hClC-Kb regions. In contrast to the expectation, exchanging the D4 domain of rClC-K1 with that of hClC-Kb, either alone (data not shown) or together with D3 and a portion of D2 (Fig. 3A) , resulted in a similar anion conductance sequence (Fig. 3, B and C) or pH and calcium sensitivity (Fig. 3D) as observed for rClC-K1. However,
TABLE I Anion permeability (P) ratios of ClC-K1 and chimeric ClC-K constructs
Using the Goldmann equation (see "Experimental Procedures") the ratios were calculated from reversal potential shift measurements (given in parenthesis) after substitution of 80 mM chloride with the indicated anions. The constructs ClC-K1(D2)Kb(D5)K1 and ClC-K1(D1)Kb(D5)K1 refer to Fig. 3,A and E, respectively.
ClC-K1 (n ϭ these properties changed after transplanting a larger hClC-Kb protein region that comprised the C-terminal part of D1 and the N-terminal part of D5 (Fig. 3E) . Besides a Cl Ϫ Ͼ Br Ϫ Ͼ I Ϫ conductance sequence (Fig. 3, F and G) , this construct showed a reduced sensitivity toward extracellular acidification to pH 6.5 (Fig. 3H ). In addition, the elevation of extracellular calcium concentration had only a small effect on current amplitudes (Fig. 3H ). As evident from Table I , the anion permeability sequences of both constructs were nearly identical. Extending the hClC-Kb portion further toward the carboxyl terminus beyond the transmembrane block D9 -D12 did not result in functional channels (data not shown). To obtain a functional construct that contained a larger portion of hClCKb, we replaced progressively larger parts of the ClCKb(D9)K1 C terminus with stretches derived from hClC-Kb. A total exchange of the intracellular C terminus, however, resulted in a construct that did not yield currents (data not shown). In contrast, a partial replacement (with the fusion point within the CBS1 domain (19 -21) ) yielded currents that resembled those of ClC-Kb(D9)K1. As we could not reduce further the contribution of rClC-K1 sequences without losing functional expression, we used this construct to further characterize channel properties. We named this construct ClCKb(c) (where "c" represents chimeric).
Expression of ClC-Kb(c) in Xenopus oocytes gave rise to linear currents with no appreciable voltage dependence (Fig.  4A) . The shift of the reversal potential of about 53 mV per decade of change of extracellular chloride concentration pointed to a selective chloride conductance (Fig. 4B) . As expected for a chloride current, the reversal potential was close to Ϫ30 mV (Fig. 4C) . Anion replacement experiments revealed a Cl Ϫ Ͼ Br Ϫ Ͼ I Ϫ Ͼ NO 3 Ϫ conductance sequence (Fig. 4C) . The shift in reversal potential indicated a similar permeability sequence (Table I) . Comparable with rClC-K1, ClC-Kb(c)-induced currents decreased upon extracellular acidification (Fig. 4D) . With the half-maximal inhibition occurring at pH 6.3, the pH sensitivity was shifted to more acidic pH values as compared with rClC-K1. Similar to rClC-K1, the V166E mutation conferred voltage dependence on ClC-Kb(c)-induced currents (Fig.  4E) . In contrast to the rClC-K1(V166E) mutation, however, these currents were activated not only at negative voltages but also in the positive voltage range and no significant tail currents could be observed (Fig. 4, E and F) . Moreover, the anion conductance sequence was not affected by this mutation (Fig.  4F ). An increase in extracellular calcium concentration did not change the magnitude of ClC-Kb(c) and ClC-Kb(c)(V166E)-mediated currents (data not shown).
Because hClC-Kb could not be expressed functionally, it has not yet been possible to analyze the biophysical consequences of CLCNKB mutations associated with Bartter's syndrome. We therefore introduced the point mutations that were found in patients (11) into the ClC-Kb(c) construct (P124L, A204T, A349D, Y432H, and R438C) and expressed these in oocytes. Invariably these mutations either strongly reduced (Y432H) or completely abolished ClC-Kb(c) currents (Fig. 5A) . In order to determine the level of expression of these proteins, they were tagged with an HA epitope at the amino terminus. After labeling the plasma membrane proteins externally with biotin, we performed Western blot analysis of total cellular lysates and of the purified biotin-labeled protein fractions. Immunodetection with an anti-HA antibody demonstrated that the mutated ClCKb(c) constructs were efficiently translated and transported to the plasma membrane (Fig. 5B) . In addition to a band of the predicted molecular size (80 kDa), a more prominent band appeared at about 160 kDa, which may be due to a dimerization of the ClC-K proteins. As is also evident from Fig. 5B , the HA-tagged version of the wild type hClC-Kb protein showed a similar degree of biotin labeling as the ClC-Kb(c) construct. Wild type hClC-Kb hence seemed to reach the plasma membrane.
DISCUSSION
ClC-K channels have attracted considerable interest because of their importance in renal physiology. Mutations in genes encoding ClC-K channels result in Bartter's syndrome and in nephrogenic diabetes insipidus. Based on these findings and on the localization of the corresponding mRNAs and proteins in certain segments of the nephron, it was proposed that ClC-K channels are involved in transepithelial transport. Unfortunately, however, no functional expression could be obtained so far for the hClC-Ka and hClC-Kb channels, and data for the rClC-K1 and rClC-K2 were controversial. A correlation with channels found in situ and an investigation of the physiological consequences of mutations found in Bartter's syndrome, however, requires data on the functional properties of these channels.
We now demonstrate that expression of rClC-K1 in Xenopus oocytes induces currents similar to those described by Uchida et al. (7) . However, rather similar currents but with an I Ϫ Ͼ Cl Ϫ conductance were reported by the same group for rClC-K2 and a rClC-K2 splice variant that lacks the second transmembrane domain (4). Since it is rather unlikely that the deletion of a complete transmembrane domain has no impact on channel function, we were worried that these currents were mediated by an activation of channels endogenous to oocytes. Indeed, the injection of cRNAs encoding diverse proteins can induce several distinct anion conductances that are endogenous to Xenopus oocytes (22) . Consequently, one has to be very cautious when studying newly expressed chloride currents in oocytes or other expression systems.
Mutations that influence biophysical properties suggest very strongly that the mutated protein is indeed an ion channel. To find such a mutation, we focused on a region that is known to influence gating and conductance in other CLC proteins. We could show that a single point mutation in this region (V166E) changes both the anion conductance sequence and gating of rClC-K1-mediated currents. This demonstrates unambiguously that rClC-K1 directly mediates plasma membrane currents.
The V166E mutation restores the GKEGP consensus sequence found in all other known CLC proteins and introduces a strong voltage-dependent gating. Interestingly, when the naturally occurring glutamate of the GKEGP motif was neutralized to alanine in the ClC-4 and ClC-5 chloride channels, their strong outward rectification was abolished (23) . Although there is no simple conclusion (the voltage-dependence of wild type ClC-4 and ClC-5 is just opposite to that of the rClC-K1 mutant that shares the glutamate in the GKEGP motif), this indicates that this segment is somehow important for gating (although it is unlikely to form a voltage sensor). It seems that ClC-K channels have largely lost their voltage-dependent gating by inserting a neutral amino acid at this position. This may be important for their role in transepithelial transport.
The stretch between D3 and D4, which encompasses the conserved GKEGP sequence, is known from several studies to somehow influence ion selectivity and gating of other CLC channels (15-18, 23, 24) , and it has been suggested (16) that this segment directly lines the pore. At first, our chimeric experiments seemed to support this simple concept; when the borders between hClC-Kb and rClC-K1 were shifted in such a way as to include the D4 domain of hClC-Kb, we observed quite drastic changes in the anion conductance sequence and gating. These changes, however, cannot be explained by a difference in the GKVGP motif, since it is identical in both channels. More important, transplantations of D4 and adjacent regions from hClC-Kb into rClC-K1 only induced biophysical changes if the exchanged region also included parts of the D1 region. Thus, at least with ClC-K channels, pore properties cannot be transferred by simply transplanting a short segment containing D3-D4 as has been previously reported for ClC-1/ClC-3 chimeras (16) . Indeed, point mutations in several protein regions (e.g. between D2 and D3 and at the end of D12) were previously shown to change pore properties (25) (26) (27) (28) . This is not astonishing, because in these ion channels an ion conductive pore is probably formed by a single protein subunit. ClC-0 and ClC-1 are dimers with two quite independent pores (26, 27, 29) , suggesting one pore per subunit (but see Ref. 30) . The present data indicate that changes in ion conductivity even between structurally highly related channels may require the coordinate mutation of residues that are not close to each other in the linear primary structure.
In contrast to rClC-K1, we could not detect chloride currents after expression of rClC-K2, hClC-Ka, and hClC-Kb. Rabbit ClC-Ka (5) and xClC-K from Xenopus (6) were also reported not to give rise to currents, and the currents reported for rClC-K2 (4) might be due to currents endogenous to Xenopus oocytes. It is currently unclear why, with the exception of rClC-K1, most ClC-K protein do not yield currents upon heterologous expression. This is puzzling given the very high degree of homology between these proteins. We succeeded in engineering a functional chimera that contains mostly sequences that are derived from hClC-Kb and has distinct functional properties. This shows that, in the framework of the chimera, the hydrophobic D9 -D12 block is necessary for functional expression. However, it does not give any clue as to why this segment enables expression. Although several CLC channels probably function in intracellular organelles (21, 31, 32) , the likely function of ClC-K channels in transepithelial transport, together with immunohistochemical studies (7) (8) (9) , suggests that this is not the case for ClC-K channels in vivo. Further, our surface biotinylation experiments show that these proteins reach the plasma membrane to some degree also in our expression system. Thus, we are left with the following two other main possibilities: although no ␤-subunit is currently known for any CLC channel, such an accessory protein may be necessary for functional expression; alternatively, there may be a need for a second messenger that we have not yet tested. However, even if one of these hypotheses is true, it remains enigmatic that we could not see currents with any of the human channels, because one of these (probably hClC-Ka) should be the direct species homologue of rClC-K1, which does give currents.
We have constructed a functional chimera that consists largely of hClC-Kb, but contains the D9 -D12 stretch from rClC-K1. We could not reduce the proportion of rClC-K1 further without losing current. This chimera yielded currents that were distinctly different from those of rClC-K1. These properties remained qualitatively unchanged when the fusion point was shifted between the end of D4 and the end of D9. However, we cannot be sure that the biophysical properties of the ClCKb(c) construct represent those of native hClC-Kb channels. Indeed, many point mutations in the D9 -D12 region are known to affect properties of several CLC channels (15, 18, 24,  25, 33, 34) . Nonetheless, it is tempting to speculate that the changed properties of this current (voltage dependence, anion conductance sequence, and lack of an effect of extracellular calcium) reflect the properties of native hClC-Kb channels. Chloride channels with an anion selectivity similar to ClC-Kb(c) were described in the basolateral membrane of thick ascending limb cells (35, 36) . In a more indirect approach, Winters et al. demonstrated the appearance of an anion conductance with a Cl Ϫ Ͼ I Ϫ selectivity in lipid bilayers after fusion with basolaterally enriched vesicles from rabbit outer kidney medulla (37) . Taken together, these findings suggest that ClC-Kb(c) type currents are mirrored in situ at the basolateral membrane of thick ascending limb cells. Importantly, this construct also allowed us for the first time to test the biophysical effects of point mutations found in Bartter's syndrome (11) . All missense mutations either abolished or strongly reduced these currents. This is consistent with the finding that many CLCNKB mutations in Bartter's syndrome are total or partial gene deletions (11) , which will invariably abolish channel activity.
Chloride transport in the thin ascending limb of Henle's loop was shown to depend on ambient calcium concentration (38) . This is consistent with the finding that heterologous expressed ClC-K1 is activated by extracellular calcium. This activation occurs within the physiological range of calcium concentrations observed in the tubular lumen of Henle's loop (39) . However, changes in tubular and interstitial calcium concentrations affect a variety of transport processes in different nephron segments (40 -42) ; thus, the functional relevance of this effect is difficult to predict. A comparable effect of extracellular calcium was not described for any of the other members of the CLC chloride channel family. It therefore remains to be determined in patch clamp experiments whether the increase in rClC-K1 current amplitude is due to an increase in single channel conductance or in open probability of rClC-K1 channels.
In summary, the functional characteristics of rClC-K1-mediated currents harmonize with macroscopic currents described in isolated thin ascending limbs. This applies to their voltage dependence, ion selectivity, and sensitivity to changes in ambient pH and calcium concentration. Currents similar to those mediated by ClC-Kb(c) were identified in the basolateral membrane of the thick ascending limb. Moreover, Bartter's syndrome-associated mutations in the CLCNKB gene destroy ion channel function of ClC-Kb(c).
